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157] ABSTRACT

In a known method of recognizing a word string in a
speech signal, a new specific organization of the storage
locations in the memory containing the trace-back ad-
dresses 1s proposed. Furthermore, a step for generating
the information for these storage locations is proposed
which makes 1t possible to determine not only the word
string with the best similanty, but also a specific number
of further word strings of decreasing similarity. Thus,
the additional computing capacity required for deter-
mining these further word strings i1s small relative to the
computing capacity required for the remainder of the
recognition process.

12 Claims, 4 Drawing Sheets
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1

METHOD FOR RECOGNIZING N DIFFERENT
WORD STRINGS IN A SPEECH SIGNAL

This 1s a continuation of application Ser. No.
07/3582,299, filed Sep. 13, 1990 now abandon.

BACKGROUND OF THE INVENTION

This invention relates to a method of recognizing at
least one word string in a speech signal, from which test
signals characteristic of consecutive time intervals are
derived. These test signals are compared with reference
signals of a plurality of given words stored in a first
memory in order to form difference values which are
summed. The difference sum is stored in a second mem-
ory together with a pointer to the memory address
where the sequence of difference sums thus obtained
has started at the beginning of a word. At least at word
boundaries a pointer to the word just ended and to the
point where said word begins is stored 1n a third mem-
ory, and at least one word string is determined at the
end of the speech signal, starting from at least that word
for which the smallest difference sum has been ob-
tained, via the beginning of this word then stored, from
the pointer to the preceding word and to its beginning
etc. stored there. The invention further relate to an
arrangement for carrying out the method.

Such a method 1s known from DE-OS 32 15 868. In
this known method the speech signal 1s compared with
different words through the use of dynamic time adap-
tation, so that, during the recognition process in the
course of the speech signal, a plurality of parallel word
strings bearing a resemblance to the speech signal are
obtained, which resemblance is dictated by the accumu-
lated difference sum within the relevant word string.
Finally, upon the last speech signal a plurality of word
strings are finished and the word string yielding the
smallest accumulated difference sum is supplied to the
output as the sole recognized word string.

However, as a result of different pronunciations, for
example, as a result of the partial suppression of word
endings, the word string thus obtained 1s not always the
string corresponding to the uttered speech signal.
Therefore, in order to improve recognition, it has been
proposed to employ speech models which, 1n confor-
mity with the rules of natural speech, restrict the choice
of the word or words which can follow a word just
finished. Generally this enables the recognition reliabil-
ity to be improved. Nevertheless, 1t is not unlikely that
ultimately, as a result of similarly sounding words
whose sequence each time complies with the rules of
natural speech, 2 word sequence is supplied to the out-
put as a recognized sentence, which sequence is very
similar to but is not an accurate representation of the
sentence uttered, while a word sequence reaching a
slightly larger accumulated difference sum at the end of
the speech signal 1s actually the correct sentence. In
many cases it is therefore effective to output not only
the word sequence, i.e. the sentence, with the best simi-
lanity but also further sentences of next best similarity,
in particular if the word sequence found as the best
appears to be incorrect, for example, on the basis of
other sources of knowledge which, for example for
reasons of complexity, have to be ignored in the recog-
nition process.

By means of the known method this is not readily
possible because for every compared word at the end of
the speech signal only a single preceding word string is
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2

stored, so that it 1s not possible to determine different
word strings whose similarity to the speech signal dif-
fers only shghtly and which end with the same word.

SUMMARY OF THE INVENTION

Therefore, it is an object of the invention to adapt the
method of the type defined in the opening paragraph in
such way that a plurality of word strings of next best
similarity to the speech signal are determined without
any restrictions whatsoever as to the individual word
sequences being imposed, except for the restriction that
the individual word sequences differ in respect of at
least one word. |

According to the invention this object is achieved in
that for the recognition of N different word strings
having the best similarity to the speech signal, the thard
memory comprises a plurality of storage locations each
having at least N sub-locations, of which each sub-loca-
tion comprises a first position for an address of the third
memory, a second position for an address of a sub-loca-
tion within the storage location, a third position for an
indication of a word, and a fourth position for an indica-
tion of a difference sum. The addresses in the first two
positions represent the pointer to the beginning of a
word. For every group of words, of which at least one
word reaches the word end for a test signal, a new
storage location in the third memory is addressed. This
address is stored in the second memory as a pointer to
the beginning of every possible following word upon
the first reference signal thereof and whose information
to be written into the sub-locations 1s derived from
storage locations whose addresses are stored in the
second memory for those first words which have con-
currently reached the end for the last test signal and
which belong to the same group of words. Of said sub-
locations, only those sub-locations are used for which
the difference sum stored therein, incremented by the
increase of the difference sum through the comparison
of the reference signal of the relevant first word, is
smallest and the sequence of prior words, including the
instantaneous word, traversed until then is different,
until all of the sub-locations of the new storage location
are filled. In deniving the information for each time one
sub-location, the address of the storage location, from
whose sub-location information is derived, i1s written
into the first position. The pointer to the sub-location,
from which the information is derived, is written into
the second position. An indication of the relevant first
word just ended is written into the third position, and an
indication of the incremented difference sum is written
into the fourth position. And from the content of all the
sub-locations of the storage location, which has been
entered during the last test signal of the speech signal,
the different word strings are determined and outputted
via the indication of the word in the third position, as
well as the addresses of storage location contained in
the first and the second positions of said sub-locations
and the content of their sub-locations etc.

From “Proc. IEEE Int. Conf. on acoustics, Speech
and Signal Processing”, New York 1988, pp. 410413,
an algorithm for the recognition of coherent speech is
known which determines not only the best word se-
quence but also the word sequence with the second best
similarity. However, in order to accomplish this a dif-
ferent recognition principle is employed, namely a mul-
ti-stage method, and no reference at all is made to a
concrete technical realization, in particular to the allo-
cation of storage locations.
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In the method in accordance with the invention the
content of the third memory is extended in a specific
way such that it 1s now possible to form a plurality of
different word sequences, the steps for the generation of

4

location, the prior data of this new storage location
being erased or being shifted out until finally all of the
simultaneously ending words of the same group have
been processed. This minimizes the time required for

the information for new storage locations of the third 5 combining the data of a plurality of simultaneously

memory guaranteeing that only those different word
strings of each time the best similarity to the speech
signal are examined further. Moreover, the method in
accordance with the invention enables speech models to
be utilize in which the end of a word cannot be followed
by any other arbitrary word of the entire vocabulary,
but which can be followed only by words of a specific
group, 1.e. preferably of a specific syntactic class, dic-
tated by the word just finished or by the starting point
of this word. As is known, this enables the recognition
reliability to be increased significantly.

In every storage location of the third memory the
difference sum itself can be stored at the fourth position
of every sub-location. Another embodiment of the in-
vention, which requires less computing time, is charac-
terized in that the absolute value of the difference sum
1s stored at the fourth position of the first sub-location of
every storage location and the difference between the
difference sum in this sub-location and the difference
sum in the first sub-location is stored at the fourth posi-
tion of every following sub-location. Thus, in particular
if a specific test signal yields only a single word, the
differences between the difference sums remain avail-
able and only the absolute value in the first sub-location
has to be incremented accordingly.

To derive the information for a new storage location
in the third memory in the case where, for the same test
signal, a plurality of words end simultaneously, the
sub-location of the storage locations corresponding to
these words should be mixed in such a way that eventu-
ally only the sub-locations with the smallest difference
sums are employed. In a further embodiment of the
invention an effective method of carrying out this mix-
ing process is characterized in that
for one of the words reaching the end for the same test

signal, from the information of the storage location,

whose address has been stored together with the
difference sum of said word, further information is

derived and is stored at a storage location having a

new address in the third memory, and
the information of the relevant storage location of every

other one of these words for each sub-location is
compared successively with the information of all the
sub-locations of the new storage location and, if two
mutually compared sub-locations indicate the same
word sequence traversed so far, the information of
the sub-location with the larger difference sum is
suppressed,
and the non-suppressed information of the just com-
pared sub-location of a word is inserted between those
two sub-locations of the new storage location whose
difference sum 1s larger or smaller than the difference
sum of the compared sub-location, the information of
the sub-locations of the new storage location being
shifted by one sub-location, if necessary.

In this way it is not necessary to repeatedly search
through the individual sub-locations of each ending
word but the process is started with an arbitrary word
of a plurality of simultaneously ending words, from
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the new address in the third memory. Subsequently, the
data derived from the information of the further simul-
taneously ending words are loaded into the new storage

ending words.

To check whether the sequence of prior words tra-
versed until then is different for the compared informa-
tion from two sub-locations, the chain of storage loca-
tions of the third memory which follow from the data at
the first and the second position of the sub-locations
must be traversed each time. In a further embodiment of
the invention this can be simplified in that
in a fourth memory, each time that information is writ-

ten into a sub-location of the third memory, an indica-
tion of the word string traversed so far and extended
by the word just ended is stored at a new address
which is stored in the inserted sub-location at the
third position instead of an indication of the ended
word, the word string traversed so far being deter-
mined via the address of the fourth memory, which
address is stored at the sub-location from which the
information for the sub-location to be inserted 1s de-
rived.

This requires a further memory, 1.e. a fourth memory,
but only the corresponding entry in this memory has to
be examined to check whether two compared word
strings are similar. This saves a substantial amount of
processing time. Moreover, at the end of the speech
signal the word strings having the best similarity can be
read directly from this fourth memory without the
word strings having to be determined by tracing back
references or indications at the first and the second
positions of the sub-locations.

An arrangement for carrying out the method in ac-
cordance with the invention, comprises a speech signal
processing device for deriving characteristic test sig-
nals, a first memory for storing reference signals for
words to be recognized, a comparison circuit for com-
paring each test signal with reference signals in order to
form difference values and to form difference sums
from added-up difference values, a second memory for
storing difference sums and indications of the beginning
of the sequence of difference sums for the relevant
word, and a third memory which, when a word end is
reached, stores the pointer to the beginning of the se-
quence of difference sums and a pointer to the word just
ended. This arrangement is characterized in that for
every storage location which is newly addressed when
a word end is reached, the third memory comprises a
plurality of sub-locations each having four storage posi-
tions, there is provided a processing circuit which, for
all the words belonging to the same group of words and
ending at the same test signal, addresses the same stor-
age location in the third memory and writes into the
individual sub-locations information derived from the
read-out contents of the sub-locations of such storage
locations whose storage address is indicated by the
entry corresponding to the relevant ended word in the
second memory. The processing circuit derives infor-
mation only from those sub-locations for which the
difference sum stored therein, incremented by the in-
crease of the difference sum as a result of the compari-
son of the reference signals of the relevant first word, is
smallest and for which the sequence of prior words
traversed so far, including the instantaneous word, is
different.
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BRIEF DESCRIPTION OF THE DRAWINGS

Exemplary embodiments of the invention will now be
described 1n more detail with reference to the drawings.

In the accompanying drawings: 5

F1G. 1 shows a diagram for determining a single
word string, -

FIGS. 24 and 2b illustrate the organization of the
storage locations of the third memory in the method in
accordance with the invention and the trace-back of 10
word strings therein,

FIG. 3 shows a part of a graph of a speech model,

FIG. 4 1s a schematic diagram illustrating the forma-
tion of the information of a new storage location of the
third memory,

FIG. § shows a possible concatenation of word se-
quences obtained for an exemplary speech signal,

FIG. 6 symbolically represents the content of the
fourth memory corresponding to the concatenation of
words as shown in FIG. 5, and

FIG. 7 1s a block diagram of an arrangement for

carrying out the method in accordance with the inven-
tion.

15

20

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

From the speech signal to be examined test signals are
derived, generally at regularly spaced instants, for ex-
ample at intervals from 10 ms to 20 ms. These test sig-
nals may be, for example, the short-time spectrum of the
speech signal, the fundamental speech frequency, the
loudness or similar values, which may have been pre-
pared especially for word recognition. The generation
of such test signals is known and therefore is not a part
of the invention.

It 1s known that the speech signal is composed of
individual words stemming from a given vocabulary.
The words of the vocabulary correspond to a set of K
sequences of reference signals derived from individu-
ally uttered words. The sequences of the reference sig- 40
nals and hence of the words are indexed k=1, ... K.
The individual reference signals within a sequence k are
referenced j=1, ... J(k), where J(k) denotes the length
of the sequence k of reference signals.

The ultimate goal of the recognition of the words in 45
a coherent word string is to determine a plurality of
successions of reference-signal sequences which best
match the sequence of test signals derived from the
speech signal.

The method of determining a single word sequence
which best matches the speech signal, known from the
afore-mentioned DE-QOS 32 15 868, will be described in
more detail with reference to FI1G. 1. The test signals 1
of the speech signal and the reference signals j of the
individual sequences k (here five sequences of five 55
words, numbered from 1 through §, are taken by way of
example) define a matrix 10 of matrix points (i, j, k). A
local difference value d(i, j, k) is assigned to each matrix
point and is a measure of the deviation from or the
difference between the corresponding acoustic features.
The problem of recognizing coherent word strings can
be reduced to the problem of finding that path through
the matrix of matrix points (i, j, k) which represents the
best match between the test signals and the unknown
succession of reference-signal sequences. Stated in other 65
terms, the sum of the difference values d(j, j, k), if appli-
cable incremented by a time distortion value which
depends on the direction of the relevant preceding ma-
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trix points, 1s a minimum for all the matrix points on this
path. Starting from this optimum path the succession of
the reference-signal sequence can be determined unam-
biguously, as will be apparent from FIG. 1.

The optimum path 1s determined through the non-lin-
ear time adaptation of the test-signal sequence to the
individual reference-signal sequences. For this, use is
made of the fact that the optimum path through a matrix
point (1, j, k) partly consists of the optimum sub-path
preceding this matrix point. For this purpose the mini-
mum difference sum D, j, k) along all the paths to the
matrix point (1, j, k) is determined. Since this difference
sum 1s the sum of the local difference values 1t can be
determined simply step-by-step as the sum of the differ-
ences along the optimum path to a preceding point and
the local difference value of the matrix point (4, j, k).
For the optimum path the preceding point with the
minimal difference sum should then be determined. In
the known method this yields the following transition
rule for transitions within a sequence of reference sig-

nals without allowance being made for time distortion
values.

D(I’J’ k}=d(l.j. k)—l-min IDXi— 1,7 k)! HI_ 1, j—1, k):
HI: J""'lr k)

Since the optimum path is not yet known the above
equation yields a plurality of paths, wherein FIG. 1, in
addition to the path P1 which is eventually found to be
the optimum path, also shows for example, the path P2
and P3. If not threshold is used for the difference sums,
a separate path s in fact obtained for every reference
value of all the sequences, which paths in accordance
with Bellman’s principle of optimality do not intersect,
in particular at word boundaries.

In order to determine for a test signal the difference
sums for all the reference signals, only a small part of
the entire matrix of difference sums of the preceding
points 1s needed, i.e. only the difference sums associated
with the preceding test signal i— 1, as will follow from
the above equation. These difference sums D(j, k) are
stored in a memory represented symbolically by a block
12, in a section 12a and are overwritten with every new
test signal.

In addition, it should be possible to trace back the
optimum path, namely for those points of the path situ-
ated at every transition from one sequence of reference
signals to another, i.e. at the word boundaries. Since the
ultimate goal of the prior-art method is to determine the
unknown succession of words or sequences of reference
signals in the speech signal it is sufficient to determine
for which test signal a sub-path terminating at the end
point of a sequence of reference signals has started.
However, for the word recognition of the word string
the details of the sub-path within the sequence of refer-
ence signals are not relevant. Initially, the end point of
the subpath of the optimum path at the end of each
sequence of reference signals is not yet known, for
which reason the trace-back information should be pre-
served for the entire duration of the time adaptation
process. For every matrix point (i, j, k) the optimum
path has a unique starting point for the first reference
signal J==1 within this sequence k. Therefore, it is possi-
ble to determine for every matrix point a traceback
pointer B(, j, k) as the test-signal address from which
the best path to this matrix point (i, j, k) proceeds.

Thus, in the same way as for the difference sums, only
one column of trace-back pointers B(j, k) has to be
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stored each time, i.e. for every reference signal j of each
of the sequence k only one storage location 12a for the

difference sum and one storage location 12b for the

trace-back pointerer are needed. This is illustrated by
the left-hand part of FIG. 1.

However, for tracing back it is not necessary to deter-
mine the beginning of the sub-path in the relevant se-
quence, but the end of the preceding sub-path, which, as
already stated, directly precedes the beginning of the
last sub-path. Thus, the prior-art method is simplified in
that instead of using the test-signal address of the begin-
ning, the test signal address of the preceding end point
1s stored directly in the trace-back pointer B(j, k).

As already stated, only the trace-back pointers at the
end points, i.e. the last reference signals J(k) of the
individual sequences K, are of interest to enable the
sequence of the words to be traced back along the opti-
mum path, because the trace-back pointers B(J(k),k) at
the end points again define the end point of every pre-
ceding sequence. However, the trace-back pointers at
these end points, stored in the memory 12, are overwrit-
ten during processing of the next test signal, so that a
separate memory 1s needed for storing the trace-back
pointers at the end points of the individual sequences of
reference signals. Since such end points can occur for
every test signal i, i.e. regardless of a speech model at
least one (on account of the said optimality principle),
this separate memory should have a storage location for
a trace-back pointer for every test signal. In FIG. 1 this
separate memory is represented symbolically as a block
14 below the matrix 10, and in the section 14g of this
memory the trace-back pointer B(J(k),k) is always
stored in the form of the test-signal address F(i) of the
preceding end point for which the difference sum
D(J(k),k) is minimal.

However, since it is not the end points themselves of
the individual sub-path of the optimal path within every
reference-signal sequence which are of interest but the
word associated with the relevant sequence, the se-
quence numbers of the reference-signal sequences rep-
resenting said words should also be stored, together
with the relevant initial addresses F(i). The sequence
numbers thus stored are designated T(i) and are the
sequence numbers of those sequences k at whose end
points J(k) the smallest difference sum DJ(k), k) ap-
pears relative to all the other sequences for the same test
signal.

It follows from FIG. 1 that the test signal address
1(1—1) of the end point of the preceding sequence and
the sequence number k(1) of the last sequence can then
be derived from the values stored for the last test signal
I. In the same way the other test signal addresses F(i)
stored directly yield the addresses at which the se-
quence numbers k(1—1), k(1—2) ... of every preceding
sequence as well as the test signal addresses i(1—2),
1(1—-3) . . . of the end of the sequence ending prior
thereto are stored, as is indicated by the arrows con-
necting the storage locations il—1), i(l—2), il —3) etc.
of the memory 14.

This method cannot be used without any further steps
if a speech model is employed in which, for the same
test signal, two or more reference-signal sequences can
end simultaneously, which sequences can be continued
only with specific other sequences on account of the
speech model. In this case it is not possible to merely
store and proceed with the end of a sequence having the
smallest difference sum, because another sequence, end-
ing with a larger difference sum, may eventually yield a
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8

smaller difference sum at the end on account of the
subsequent better adaptation to the speech signal. How-
ever, this problem can be solved easily because the
memory 14 in FIG. 4 is addressed separately, i.e. not by
the sequence of test signals, in which case the corre-
sponding addresses of the memory 14 should be stored
in the section 14ag, which address may deviate alto-
gether from the instantaneously current sequence num-
ber of the test signal.

However, greater problems occur if not only the
word sequence having the best similarity to the speech
signal, i.e. having the smallest difference sum at the end,
but also the word sequences of the next best similarity to
the speech signal, and hence having the next larger
difference sum, should be determined and read out. This
is because for the same test signal a plurality of words of
the same syntactic group may end, which words repre-
sent word sequences with successively larger difference
sums and which must therefore be stored until it has
been ascertained at the end which are actually the N
best word sequences having the best similarity to the
speech signal.

FIG. 2a shows the organization of a memory corre-
sponding to the memory 14 in FIG. 1. The Figure
shows diagrammatically a plurality of memory storage
locations 31 to 37 for the trace-back pointers, which
storage locations each comprise three multi-position
sub-locations for determining the three best word se-
quences. F1G. 2b shows a single storage location in
more detail. In the present example each storage loca-
tion 1s divided into three sub-locations TP1, TP2 and
TP3 each having four storage positions St1, St2, St3 and
St4. This enables the three best word sequences to be
determined. If the next best word sequences should also
be determined, the number of sub-locations should be
increased accordingly, the number of positions remain-
ing the same. The information in the first sub-location
TP1 represents the best word sequence with the best
similarity to the speech signal, the sub-location TP2
specifies the second best word sequence with the next
larger difference sum, and the same applies to the fol-
lowing sub-locations. Adjacent similar storage locations
of this memory, which are consequently filled in the
case of adjacent test signals or in the case of words of
other syntactic groups ending with the same test signal,
may obviously contain word sequences with substan-
tially larger or substantially smaller difference sums
because the optimum sequence cannot be determined
until the end of the speech signal is reached.

The content of the individual positions is as follows.
Position St1 contains the address 1 of a preceding stor-
age location of this memory which follows from the
word just ending. Position St2 specifies the sub-location
n in the stored word whose address is stored at position
Stl and from which the information of the relevant
sub-location 1s derived in a manner to be explained
hereinafter. For position St3 it is assumed for the time
being that it stores the sequence number k of the se-
quence of reference signals, i.e. of the instantaneously
ended word. Finally, position St4 contains the differ-
ence sum reached for the word just ended and the word
string preceding this word.

In FIG. 24 the storage locations 31 to 37 comprise an
additional storage position which is shown at the top
right in each block representing a storage location, and
which stores the smallest difference sum of all the sub-
locations of this storage location position St4 of every
sub-location then containing only the difference be-
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tween the associated difference sum and said smallest
difference sum. However, since in this case the position
St4 of the first sub-location TP1 essentially contains the
value zero, because the sub-location TP1 implicitly

contains the smallest difference sum, this position St4 of 5

the first sub-location TP1 can also be used for storing
the absolute value of the smallest difference sum of this
storage location, while position St4 in the sub-locations
TP2 and following contain the difference d between the
difference sum associated with the relevant sub-location
and said smallest difference sum. Therefore, the addi-
tional storage position for the smallest difference sum
shown in the blocks 31 to 37 in FIG. 2a is in fact not
necessary.

The process of tracing back a word string preceding
an ending word, which ending word may also be the
end of the speech signal, is illustrated by way of exam-
ple by means of arrows in FIG. 24. Thus, the word
string found to be the second best on the basis of the

difference sum at the storage location 37 is then read out

in that the sequence number k of the last ending word is
read out from the third position in the second row of the
storage location 37 and by means of the address 1 at the
first position of the second row the storage location 35
1s addressed. Namely, the second sub-location on the
basis of the corresponding indication n at the second
position of the second sub-location of the storage loca-
tion 37, and the sequence number of the preceding
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word, which number is stored at the third position of ,,

the second sub-location of the storage location 35, can
be read out. Moreover, by means of the address at the
first position of the second sub-location in the storage
location 35 the storage location 34 is addressed, namely
the first sub-location of the storage location 34 on the
basis of the corresponding information at the second
position of the storage location 3§ and in this way the
path is traced back further to the beginning, i.e. up to
the first sub-location of the storage location 32, where
the first word of the second best word string has ended.
In fact, further storage locations belonging to other
word strings are situated between the storage locations
30 to 37, of which only the storage locations 31, 33 and
36 are shown by way of example.

The word string which 1s found to have the smallest
difference sum at the storage location 37 may extend,
for example, via the storage locations 36, 35, 33 and 31
as described above, namely each time via the first sub-
location, because a word string, once it extends through
the second sub-location of a storage location, can no
longer extend through the first sub-location of a storage
location as the speech signal proceeds but only through
sub-locations of equal or higher order.

How the information for every new storage location
1s generated or derived in conformity with that for the
storage locations illustrated in FIG. 2a will be explained
with reference to FI1G. 3 and 4. This is done on the basis
- of a speech model 1n the form of a graph comprising
nodes and interposed links, which nodes may be re-
garded as points common to all the links proceeding in
the same way. FIG. 3 shows a part of such a speech
model, comprising three nodes N1, N2 and N3, with
two words or, in the customary speech model terminol-
ogy, two links k4 and kS§ leading to the node N1. The
use of the term “links” is more appropriate because one
and the same work may be represented by two or more
different links, i.e. it may recur at different locations in
the speech model, whereas the links are unique.
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In a similar way the links k6 and k7 lead to the node
N2. In fact, the number of links leading to most nodes
increases as the permissible vocabulary 1s extended.

Further links issue from each node, which means that
for example the link k4 in the speech model can con-
tinue only with specific further links, of which the link
k1 is shown in further detail in FIG. 3. This also applies
to the link kS. Similarly, the links ké and k7 1n the pres-
ent case can continue for example only with the links k2
and k3. It 1s to be noted that the two nodes N1 and N2
are not necessarily reached simultaneously by the corre-
sponding links and it should also be borne in mind that
because of the applied dynamic time adaptation and the
resulting increase in the number of paths along every
individual link, different, generally successive, test sig-
nals will repeatedly reach the end of this link.

The links k1, k2 and k3 now pass to the node N3, i.e.
words corresponding to the links k8 to k9 will follow.
Depending on the speech model it is possibie that after
the node N1 another node also may be reached by an-
other link, 1.e. a sentence portion which already extends
up to the node N1 may be continued in two or more
different grammatical ways, but this concerns details of

the speech model used, which will not be discussed any

further here. In principle, it is also possible to utilize the
method described without the use of a speech model,
1.e. the speech model then comprises only one node and
all the links 1ssuing from this node return to this node.

FIG. 3 does not give any timing conditions, i.e. this
Figure does not show when or for which test signal a
transition reaches a node. However, it 1s now assumed
that the links k1 and k2 reach the node N3 at the same
time, 1.e. for the same test signal. Thus, in the matrix
corresponding to FIG. 1 several paths combine in one
point, which paths denote word sequences traversed
untili now with a different similarity to the present ac-
tual speech signal and some of which paths have to be
continued, which requires that tracing back from the
end should be possible. The number of paths to be con-
tinued is equal to the number of paths along each link
terminating at the node N3, i1.e. the total number of
paths must be reduced. This reduction while maintain-
ing the possibility of tracing back will be described in
more detail with reference to FIG. 4. Consequently, this
concerns in particular the memory for the relevant
initial addresses of the individual sequences to trace
back the word sequences found to have the best similar-
ity on the basis of the speech signal, i.e. a memory corre-
sponding to the memory 14 in FIG. 1. Each link, which
is unambiguously assigned to a word and hence to a
sequence of reference signals, transmits the correspond-
ing address of the storage location in the memory 14 by
means of its trace-back pointer B(j, k) formed at the
beginning of this link and stored in the section 12b of the
memory 12 in FIG. 1. For the link k1 this is assumed to
be the address 11 and for the link k2 the address 12.

A new storage location in the memory 14 having the
address 13 is read in at the ends of the links k1 and k2.
The simplest way to achieve this is to choose the next
free storage location.

The content of the storage location 13, i.e. the infor-
mation to be written therein, is subsequently derived
from the storage location 11, whose address, as already
stated, is read from the memory 125 at the end of the
hink k1. The first positions of all the sub-locations of this
storage location 11 contain the relevant preceding ad-
dresses, the addresses 1a and 156 being indicated here by
way of example. The content of the second positions
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indicates from which sub-location having the addresses
1a and 1b the relevant values have been derived, i.e. in
the present example from the first sub-locations of both
storage locations. As will be explained hereinafter, the
order of the associated link, from which the information
of the sub-location has originated, is stored at the third
position, i.e. the link k4 has yielded the smaller differ-
ence sum S’ and the link kS has yielded a difference sum
which is a value d’1 larger. This address 11 is transmit-
ted for all the links issuing from the node N1 for the
same test signal, but in the present case only the link k1
1s considered. The difference sum 8’ is used as the value
D(j, k) of all the links issuing from the node N1 and,
consequently, also of the link k1 at the beginning, 1.e.
before the comparison of the first reference signal of the
Iink k1 with the instantaneous test signal and in the
course of the link it 1s incremented in conformity with
the dynamic time adaptation during the next compari-
son of test signals with reference signals.

At the end of the link k1 the associated quantity
D(J(k1),k) has reached the value $1, which 1s written at
the fourth position of the first sub-location in the stor-
age location 13. The third position of this sub-location
stores the order k1, while the second position stores the
number of the sub-location of the preceding storage
location 11 from which the information is derived, i.e.
the value 1. Finally, the address 11 is entered at the first
position of the first sub-location. The second and the
third sub-locations are loaded in a similar way, the in-
formation of the originally second sub-location in the
example of FI1G. 4 being advanced to the third sub-loca-
tion because in the second sub-location the information
from the second simultaneously ending link k2, 1.e. from
the storage location having the address 12 stored with
this link, namely from the first sub-location, has been
inserted subsequently because the difference sum S
incremented by the difference values along the link k2 is
smaller than the difference sum initially present in the
second sub-location of the storage location 11. The abso-
lute difference sum at the end of the link k2 is then
referred to the difference sum S1 of the first sub-loca-
tion and yields the difference d1, while the difference
value d'1 from the second sub-location of the storage
location 11 directly corresponds to the difference value
d2 stored in the last position of the third sub-location of
the storage location 13. The original content of the third
sub-location of the storage location 13, which originated
from the third sub-location of the storage location 11, is
now shifted out by the entry from the storage location
13, because it represented too large a difference sum.
Similarly, no information for the storage location 13 has
been derived from the second and the third sub-loca-
tions of the storage location 12.

The address 13 is stored as the trace-back pointer B(1,
k) together with the first reference value of each of the
links k8 to k9 issuing from the node N3 and is thus
transferred, the corresponding value D(1, k) being
formed accordingly from the difference sum S1 and the
comparison with the first reference signal of each of the
links.

It is to be noted that in the case where for the test
signal being considered at least one further link ends at
the same time at a node other than the node N3, a fur-
ther storage location, for example having the address 14,
must be provided, for which the information to be en-
tered is derived in the same way as described hereinbe-
fore. In general, a storage location must be provided for

10

15

20

25

30

35

45

50

35

65

12

every node where at least one link terminates for the
same test signal.

However, before the information from the first sub-
location of the storage location 12 is loaded into the
second sub-location of the storage location 13 it should
be ascertained, suitably starting from the last sub-loca-
tion of the storage location 13, whether this information
does not relate to a word string which has reached the
storage location 13 via the storage location 11, because
eventually different word sequences of different similar-
ity to the speech signal should be determined. In the
case that the information to be loaded into a sub-loca-
tion represents a word sequence already present at one
of the sub-locations of this storage location, this infor-
mation should be suppressed, i.e. the information repre-
senting the larger absolute difference sum. If this results
in a sub-location of the storage location 13 being va-
cated, it may be possible to write the information to be
inserted into this free sub-location if this 1s possible on
the basis of the difference sums of the other sub-loca-
tions and the sub-location to be inserted. In this case the
sub-locations already available in the storage location 13
need not be shifted when a new sub-location is to be
inserted.

In order to ascertain whether a word sequence corre-
sponding to the word sequence to be inserted is already
present at the storage location 13, it should first be
checked whether the link issuing from the storage loca-
tion 12 1s already present at the third position of one of
the sub-locations in the storage location 13 and, if this is
the case, the corresponding prior sequences of links
should be traced back to determine whether these se-
quences of links differ in at least one position or corre-
spond up to the beginning.

This rather intricate tracing back can be avoided if at
the third position of each sub-location, instead of the
order of the last ending link, an address of an additional
word sequence memory is stored, in which memory for
every end of a link information about the link, sequence
traversed up to and including said link is stored at a new
storage location, if this memory does not yet contain
this word sequence. This has the additional advantage
that at the end of the speech signal the individually
determined word sequences in the third positions in the
last storage location of the memory 14 then read in can
be read out directly via said additional word sequence
memory in conformity with their increasing similarity
to the speech signal. |

A possible organization of this word sequence mem-
ory will now be described in some more detail with
reference to FIGS. § and 6. FIG. § by way of example
gives some word sequences which may occur in the
process of recognizing a speech signal, only a few word
sequences being traced for the sake of simplicity. The
circles W1 to W2 denote the ends of individual words
and represent addresses of a word sequence memory
whose content is illustrated in FIG. 6.

Starting from a starting point W0, where conse-
quently no word has ended yet, inter alia the two words
“who” and “when” are compared with the speech sig-
nal, for example on the basis of 2 given speech model.
When the word “who” has ended, an entry is made at
the address W1 of the word-sequence memory shown in
FI1G. 6, which entry comprises the section E1 with the
back-pointer to W0 and the section E2 with the link
“who”. The section E3 remains vacant for the time
being. When the word “when” has ended, for example
at a slightly different instant, i.e. for another test signal,
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a further entry is made in the word-sequence memory of
FI1G. 6 at the address W2, the back-pointer in the sec-
tion E1 also indicating the starting point W@ and the
section E2 containing the link “when”.

Now a comparison is made, inter alia, with the words
“has” and “was”. When the word ‘“has’’, which issues
from point W1, 1s the next word reaching the end, a new
entry 1s made in the word sequence memory at the
address W3, which contains the back-pointer to W1 in
the section E1 and the link “has” in the section E2. At
the same time the link “has” is entered as the link issuing
from point W1 in section E3 at the address W1. If subse-
quently the word “was” issuing from point W1 ends, it
1s checked whether this link is already present in section
E3 at this address W1. As it is assumed that this is not
yet the case an entry is made in the word-sequence
memory at the address W4, which entry comprises the
back-pointer to W1 in the section E1 and the link “was”
in the section E2. Moreover, the entry in the section E3
at the address W1 is completed by entering the link
“was”. In the same way the new address W5 and Wé
are produced if the words “was” and “has” 1ssuing from
point W2 end, the corresponding words being also com-
pleted at the address W2 1n section E3.

Now inter alia the words “‘written’ and *‘mailed” are
compared starting from point W3. For simplicity the
words which actually follow the points W4 to W6 are
not considered. When the word “written” ends a new
entry W7 is made in the word sequence memory, which
entry comprises the back-pointer to W3 in section E1
and the link *“written” in the section E2. This word is
also completed in the section E3 at the address W3. The
same applies to the other word “mailed”, which is en-
tered at the address W8, and to the other words, which
produce entries at the addresses W9, W10, W1l and
W12. Every section EJ3 at the preceding address is com-
pieted similarly.

If now, for example, starting from point W1, the
word “has’ ends at a later instant via another path, it is
possible to ascertain immediately that this word se-
quence already exists via the initial address W1 from the
entry E3.

At the end of the speech signal it is now possible to
determine each time the last word as well as the preced-
ing end of the word string and via this the preceding
word etc. from the last storage location in the third
memory 14 by means of second section E2 of the ad-
dresses contained in the third positions of ali the sub-
locations of the word-sequence memory and to read
these out as the word sequence.

In the block diagram shown in FIG. 7, the speech
signal to be recognized is applied to a microphone 30
and converted 1nto an electric signal which i1s fed to a
speech-signal processing circuit 32. In this circuit char-
actenistic test signals are derived from the speech signal,
for example, the amplitudes of the speech signal over
short successive time intervals of, for example, 10 ms in
a plurality of adjoining spectral ranges. These signals
are stored temporarily, because generally real-time pro-
cessing 1s not possible in the case of a larger vocabulary.
This intermediate memory, not shown, is addressed by
means of an address generator 34.

Subsequently, the test signals are applied to a com-
parator circuit 16 via the connection 33, which circuit at
the same time receives reference signals from a refer-
ence memory 18. This reference memory 18 is con-
trolled by an address generator 24, which successively
reads out all the reference signals or, if threshold values
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are used, reads out specific ones of the reference signals
stored in the reference memory 18. Once all of the
relevant reference values have been applied to the com-
parator circuit 16 the address generator 24 supplies a
signal to the address generator 34 via the connection 23
so that the next test signal 1s now applied to the compar-
ison circuit 16.

The last-mentioned circuit compares each test signal
with the applied reference signals and forms a differ-
ence value for each reference signal applied, and in
conformity with the rules of dynamic programming as
known, for example, from DE-OS 32 15 868, the differ-
ence sums are derived from these values and stored in a
memory 12, which is also addressed by the address
generator 24. Moreover, a back-pointer is stored in this
memory at each address to indicate at which position or
for which signal a sequence of difference signals tra-
versing the relevant word has started in this word.

At the end of each word, 1.e. when the address gener-
ator 24 addresses the last reference signal j=J(k) of the
word k, a processing circuit 20 1s actuated, which reads
the back-pointer B stored at this address from the mem-
ory 12 via the connection 13 and drives a storage loca-
tion in the memory 14 at the address corresponding to
said back-pointer to read out this storage location via
the connection 21. When the word just ended is the first
ending word in the relevant test signal or, if a speech
model is used, the first word of a gramatically associ-
ated group of words, which is determined by the pro-
cessing circuit 20 by means of a speech model memory
40, the next free storage location in the memory 14 1s
addressed via the connection 23 and the content of the
read-out storage location is stored therein. However, if
the word just ended 1s not the first word for this test
signal the content of every sub-location of the storage
location of the memory 14 that is being read is checked
to determine whether the difference sum contained
therein and incremented by the word traversed instanta-
neously is smaller than the difference sum of a sub-loca-
tion of the storage location in the memory 14 which for
this test signal has been newly entered for the first end-
ing word, for which the content of this newly entered
word has been retained, for example, in the processing
circuit 20. When such a sub-location is found, its con-
tent and the content of the next sub-locations i1s ad-

- vanced by one sub-location, the content of the last sub-
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location disappearing and the content just compared of
the sub-location to be read in is entered at the sub-loca-
tion thus vacated. This i1s effected consecutively for all
the sub-locations until a sub-location is found for which
the incremented difference sum stored therein is larger
than that of the last sub-location of the storage location
read in last. During read in of a new sub-location the
contents of the individual storage location are obviously
updated in the manner described above, the number k of
the word just ended being denived from the address
generator 24. |

Instead of reading-in 2 new storage location in the

memory 14 for the first ending word in the case of a
new test signal the entire content of this storage location

may first be stored intermediately in the processing
circuit 20 and may be completed with the next ending
words for this test signal, until all of the reference sig-
nals of all of the words of the reference memory 18 have
been compared with the instantaneous test signal, at
least if comparison is allowed in the case where thresh-
olds are used for the difference sums. The information
thus obtained can then be loaded into the new storage
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location in the memory 14. An essential feature is that
the individual sub-locations of this storage location are
arranged in the sequence of their difference sums.

In each case the address of this newly read-in storage
location in the memory 14 is also apphed to the compar-
ator circuit 16 via the connection 23, which circuit
writes this address into the memory 12 as the back-
pointer B for all of the newly beginning words. In this
way the memory 14 is read in succession until the last
test signal of the speech signal to be recognized has been
compared, and after this the recognized word sequence
is produced by the processing circuit 20 by reading out
the memory 14 as described hereinbefore and 1s applied
to an output device 36, for example a printer or a mem-
ory or even a further processing circuit for further
processing of the recognized sentence.

It is obvious that the comparison circuit 16 and the

processing circuit 20 together may be constituted by a
programmable computer, which then also comprises,
for example, the address generators 24 and 34, and alter-
natively the individual memories, in particular the two
memories 12 and 14, may be formed by corresponding
address sections of a common memory.

I claim:

1. A method of recognizing N (N > 2) different strings
of words in a speech signal having an end, from which
consecutive test signals characteristic of consecutive
time intervals of the speech signal are derived, which
method comprises:

comparing consecutively each of said test signals

with reference signals of a plurality of given words
stored in a first memory, each word corresponding
to a sequence of reference signals including a first
and a last reference signal, in order to form a num-
ber of difference values for each test signal,
summing the difference values to form difference
sums, each difference sum resulting from compari-
sons of consecutive test signals up to a present test
signal with different reference signals of a number
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of words, thus forming a number of sequences of 40

difference sums,

storing each of the difference sums in a second mem-
ory at an address assigned to a reference signal the
comparison of which with an instantaneous test

signal results in the difference sum to be stored, 45

together with a backpointer which had been stored
with the difference sum of the same sequence of
difference sums as the previous test signal, except
for a first reference signal of each sequence of ref-
erence signals

at each comparnison of a test signal with a last refer-
ence signal of at least one of the sequences of refer-
ence signals, additionally

addressing at least one empty storage location of a
third memory comprising a plurality of addressable
storage locations each having at least N numbered
sub-locations, wherein each sub-location comprises
a first position, a second position, a third position,
and a fourth position,

storing the address of each said empty storage loca-
tion as a backpointer in the second memory at
addresses assigned to the first reference signal of all
sequences of reference signals the corresponding
words may follow the word to which the relevant
last reference signal corresponds, thus forming
concatenations of words,

storing in the sub-locations of the addressed empty
storage location information which is partially
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derived from other storage locations of said third
memory whose addresses are indicated by the
backpointer stored in the second memory at ad-
dresses assigned to the relevant last reference sig-
nal, thereby selecting only N sub-locations of said
storage locations for which the difference sum
whose indication is stored in any of said N sub-
locations, incremented by the sum of the difference
values obtained through the comparison of the last
consecutive test signals with the relevant sequence
of reference signals, is smaller than for the other
sub-locations and for which the concatenations of
prior words, including the word corresponding to
the relevant last reference signal, are different,

said information to be stored comprising the address
of the storage location, from whose sub-location
information is derived, to be written into the first
position, the number of the sub-location, from
which the information is derived, to be written into
the second position, an indication of the word cor-
responding to the relevant last reference signal to
be written into the third position, and an indication
of the difference sum of the sub-location from
which information is derived, incremented by the
sum of the difference values obtained through the
comparison of the last consecutive test signals with
the relevant sequence of reference signals, to be
written into the fourth position,

at the end of the speech signal determining N differ-

ent sequence of reference signals with the smallest
difference sum to the speech signals by starting
backward from a different sub-location of the stor-
age locations of said third memory which have
been written during the test signal at the end of the
speech signal via the indication of the address of
the storage location and of the number of the sub-
location contained in the first and second position
of the relevant sub-location, thereby each time
outputting the word indicated in the third position
of that sub-location.

2. A method as claimed in claim 1, wherein an abso-
lute value of the difference sum is stored at the fourth
position of the first sub-location of every storage loca-
tion and the difference between the difference sum at
this first sub-location and the difference sum of the first
sub-location is stored at the fourth position of every
following sub-location.

3. A method as claimed in claim 2 which further
comprises, when comparing the last reference signal of
more than one sequence of reference signals with the
same one of the test signals

storing in sub-locations of an addressed empty stor-

‘age location information for the last reference sig-
nal of a first sequence of reference signals,
deriving information for the last reference signal of
each further sequence of reference signals,
comparing the derived information with the informa-
tion of all the sub-locations of the addressed stor-
age location of the third memory and, if two mutu-
ally compared sub-locations indicate the same con-
catenation of words traversed so far, the informa-
tion of the sub-location with the larger difference
sum is suppressed, and the non-suppressed informa-
tion of the just compared sub-location of a word is
inserted between two sub-locations of the new
storage location whose difference sum is larger or
smaller than the difference sum of the compared
sub-location, the information of the sub-locations
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of the new storage location being shifted by one
sub-location, 1f necessary.
4. A method as claimed in claim 3, wherein,
in a fourth memory, each time information is written
into a sub-location of the third memory, an indica-
tion of the word string traversed so far and ex-
tended by the word just ended 1s stored at a new
address which 1s stored in the sub-location at the
third position instead of an indication of the ended
word, and determining the word string traversed
so far via the address of the fourth memory which
address is stored at the sub-location from which the
information for the sub-location to be inserted is
derived.
5. A method as claimed in claim 2 wherein,
in a fourth memory, each time information is written
into a sub-location of the third memory, an indica-
tion of the word string traversed so far and ex-
tended by the word just ended is stored at a new
address which 1s stored in the sub-location at the
third position instead of an indication of the ended
word, and determining the word string traversed
so far via the address of the fourth memory, which
address is stored at the sub-location from which the
information for the sub-location to be inserted is
derived.
6. A method as claimed in claim 1 which further
comprises, when comparing the last reference signal of
more than one sequence of reference signals with the
same one of the test signals
storing in sub-locations of an addressed empty stor-
age location information for the last reference sig-
nal of a first sequence of reference signals,

deriving information for the last reference signal of
each further sequence of reference signals,

comparing the derived information with the informa-
tion of all the sub-locations of the addressed stor-
age location of the third memory and, if two mutu-
ally compared sub-locations indicate the same con-
catenation of words traversed so far, the informa-
tion of the sub-location with the larger difference
sum is suppressed, and the non-suppressed informa-
tion of the just compared sub-location of a word 1s
inserted between two sub-locations of the new
storage location whose difference sum is larger or
smaller than the difference sum of the compared
sub-location, the information of the sub-locations
of the new storage location being shifted by one
sub-location, if necessary.

7. A method as claimed in claim 1 wherein,

in a fourth memory, each time information is written

into a sub-location of the third memory, an indica-
tion of the word string traversed so far and ex-
tended by the word just ended is stored at a new
address which is stored in the sub-location at the
third position instead of an indication of the ended
word, and determining the word string traversed
so far via the address of the fourth memory, which
address 1s stored at the sub-location from which the

information for the sub-location to be inserted i1s 60

derived.
8. A method as claimed in claim 1 wherein the words
which may follow a preceding word are restricted ac-
cording to a language model which comprises forming
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groups of words, wherein for every group of words, of 65

which at least one corresponding last reference signal is
compared with a test signal, addressing a new storage
location in third memory, each address being stored in
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the second memory only at addresses assigned to the
first reference signal of all sequences of reference sig-
nals for which the corresponding words may follow the
relevant group of words, information to be written into
the sub-locations of the addressed storage location of
the third memory being derived only from storage loca-
tions whose addresses are stored as backpointer in the
second memory for the last reference signal of those
sequences of reference signals whose corresponding
words belong to the relevant group of words.
9. A method of deriving N=2 different strings of
words from a speech signal, said method comprising the
steps of:
at recurrent instants sampling said speech signal for
generating a series of test signals; +

comparing signal-by-signal said test signals and vari-
ous series of reference signals that each represent a
vocabulary word, said comparing producing a
difference sum and a backpointer for each series of
reference signals;
upon termination of any series of reference signals,
reading the contents of a previous storage location
indicated by said backpointer of the terminating
series, said storage location having N sub-locations
each containing a previous difference sum and
further data and being assigned to a different pre-
hminary recognized string of words, and adding
the difference sum produced for the relevant termi-
nating series and said previous difference sums of
said storage location to derive aggregate difference
Sums;

comparing said aggregate difference sum of any se-
ries of reference signals which terminate at the
same test signals and selecting N minimum aggre-
gate difference sums which are derived from differ-
ence sums of sub-locations assigned to different
preliminary recognized strings of words;

in a new storage location also having N sub-locations,

storing in each sub-location consecutively accord-
ing to their value one of said selected aggregate
difference sum together with further data compris-
ing the backpointer of the relevant terminating
series, an indication to the sub-location of the stor-
age location from which the relevant aggregate
difference sum is derived and an indication to an
associated word represented by the relevant termi-
nating series; and

deriving said N strings of words by starting a tracing

back from a last stored new storage location via the
backpointers and the associated words.

10. A method as claimed in claim 9, wherein for a
plurality of series of reference signals terminating at the
same test signal, said comparing and selecting is exe-
cuted by

in a first step, storing in the sub-locations of said new

storage location all aggregate difference sums to-
gether with said further data which are derived
from a first previous storage location indicated by
the backpointer of a first terminating series of said
plurality, and

in a second step, consecutively for each further termi-

nating series of said plurality, comparing prelimi-
nary recognized strings of words assigned to sub-
locations of previous storage locations indicated by
the backpointer of each further terminating series
with such strings assigned to sub-locations of said
new storage location, discarding aggregate differ-
ence sums assigned to the same preliminary recog-
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nized string of words except a minimum sum and
inserting not discarded difference sums together
with said further data into said new storage loca-
tion in sub-locations between such sub-locations
containing next higher and lower difference sum

5

compared to the relevant difference sum to be

inserted, while shifting the contents of sub-loca-
tions containing higher difference sums, if neces-
sary.

11. A method as claimed in claim 9 wherein the
words which may follow a preceding word are re-
stricted according to a language model which com-
prises forming groups of words, storing in a new storage
location only aggregate difference sums derived from
previous storage locations indicated by backpointers
which are produced by a series of reference signals
representing words of the same group of words, taking
a separate new storage location for each different group
of words.

12. An apparatus for deriving N=2 different strings
of words from a speech signal, according to the method
as claimed in claim 9, said apparatus comprising:

means for sampling at recurrent instants said speech

signal so as to generate a set of test signals;
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comparing means fed by said sampling means and

provided with first storage means for storing a set
of series of reference signals, each such series rep-
resenting a vocabulary word, said comparing
means producing difference sums and backpointers
each assigned to a series of reference signals;

control mans fed by said comparing means each time

a series of reference signals is terminating and pro-
vided with second storage means having a number
of locations, each having N sub-locations, each
storing a difference sum and further data, said con-
trol means reading a storage location indicated by a
backpointer fed by said comparing means, adding
the difference sum fed from the comparing means
to each difference sum of the sub-locations of the
read out storage location to each time produce an
aggregate difference sum, selecting N minimum
aggregate difference sums, storing back the se-
lected aggregate difference sums and further data
into sub-locations of a new storage location, and at
the end of said speech signal, starting from a last
stored storage location tracing back via a back-

pointer and outputting strings of words.
* %X ¥ x x
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